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FrC6 murine leukemia virus (MuLV) is a replication-competent, neuropathogenic variant derived from Friend MuLV (F-
MuLV) complex. The A8 virus (a molecular clone of the FrC6 virus) induced marked spongiform degeneration in the brain
similar to the FrC6 virus, but only mild lesions were found in the spinal cord. In contrast, PVC211 virus, which is also a
neuropathogenic F-MuLV variant, caused marked spongiform degeneration in the spinal cord. Virus recovery from the spinal
cord of A8 virus-infected rat was the same as that of PVC211-infected rat, indicating that there is no direct correlation
between the titer of virus and the intensity of lesions. Furthermore, rats infected with the A8 virus at 3 weeks of age did
not undergo spongiform degeneration, although recovery of high titer of virus occurred in the central nervous system (CNS).
Studies using chimeric viruses between the A8 virus and nonneuropathogenic F-MuLV clone 57 also indicated that the
sequences responsible for virus titers in the CNS and neuropathogenicity are different. The chimeric virus studies proved
that the env gene and the LTR and/or 5* leader sequence of A8 are critical for the induction of neuropathogenicity. These
sequences in A8 and PVC211 were compared, focusing in on the sites that account for neurovirulence and viral lesional
tropism. q 1997 Academic Press
INTRODUCTION for determining the phenotypically different neuropatho-
genicity of the virus. Usually, neuropathology begins in
Nondefective MuLV can induce several diseases, in- the spinal cord and ascends the neuraxis (Wiley and
cluding leukemia, immune complex autoimmune dis- Gardner, 1993). When rats were infected with the F-MuLV
ease, central nervous system (CNS) disease, thrombocy- variant, PVC211, viral replication in brain capillary endo-
topenia, hemolytic anemia, and immunosuppressive syn- thelial cells was followed by widespread astrogliosis,
dromes (Weiss et al., 1984). A number of MuLVs including neuropil vacuolation, and finally, neuronal degeneration
Cas-Br-E MuLV isolated from wild mouse (Officer et al., in the spinal cord, brain stem, cerebellum, and cortex
1973) and its molecular clones (Kay et al., 1991; Lynch (Hoffman et al., 1992). In human retrovirus-induced my-
et al., 1991), ts mutants of Moloney MuLV (Bilello et al., elopathy, such as that associated with human T-cell leu-
1986; McCarter et al., 1977), chimeric Fr-CasE MuLV kemia virus type I (HAM), the thoracic portion of the spi-
which has gp70 of Cas-Br-E on a background of F-MuLV nal cord is the main target of the disease (Osame et al.,
FB29 (Portis et al., 1990), and a mink cell focus-inducing 1986; Umehara et al., 1993). It is important to study the
derivative of F-MuLV (Buller et al., 1990), can induce neu- determinants responsible for inducing this lesional tro-
rodegenerative disease in mice. PVC211 (Kai and Furuta, pism in the spinal cord. Experimental animal models are
1984) and NT40 (Czub et al., 1996), which are variants useful for investigating these pathomechanisms.
of F-MuLV, produce neurodegenerative disease in rats. We molecularly cloned a virus, clone A8, from a neuro-
In most models, a noninflammatory spongiform degener- pathogenic FrC6 virus (Watanabe and Takase-Yoden,
ation in the CNS follows an early CNS endothelial cell 1995). Studies on chimerae between the A8 virus and
infection. In some models, oligodendroglia, astrocytes, wild-type, nonneuropathogenic F-MuLV clone 57 re-
microglia/macrophages, and/or neurons are also in- vealed that the env gene and LTR and/or 5* leader se-
fected, while in others, only endothelial cells are infected quence of the A8 virus are critical for induction of spongi-
(Wiley and Gardner, 1993). These variations may be form degeneration in CNS. Furthermore, we compared
caused by mouse strain and viral differences in addition A8 with PVC211, which is closely related but molecularly
to differences in assays. The reconciliation of the various distinct from A8, in terms of the nucleotide sequences of
models in which the final neuropathology appears simi- these regions and the distribution of spongiform lesions.
lar, may be the key to understanding their pathogenesis.
The particular distribution of the lesions is important MATERIALS AND METHODS
Viruses and cells
Neuropathogenic FrC6 virus-producing rat glial cells1 To whom correspondence and reprint requests should be ad-
dressed. Fax: (/81)426-91-9315. E-mail: takase@scc1.t.soka.ac.jp. were established by passaging F-MuLV complex (Odaka,
411
0042-6822/97 $25.00
Copyright q 1997 by Academic Press
All rights of reproduction in any form reserved.
AID VY 8619 / 6a3b$$$121 06-10-97 11:23:26 viral AP: Virology
412 TAKASE-YODEN AND WATANABE
1973) through rat brains as described (Watanabe and vector (Stratagene). An extrachromosomal library was
screened using a 57 virus whole-genome probe.Takase-Yoden, 1995). The rat glial cell line, C6, was in-
fected with the supernatant to clone infectious viral DNA. Nucleotide sequences were determined by dideoxy-
nucleotide chain termination (Sanger et al., 1977) withThe infectious DNA clone 57 of F-MuLV (Oliff et al., 1980)
was transfected into NIH3T3 cells, and the supernatant alkali-denatured plasmid DNA as the template (Hattori
et al., 1985) using an A.F.L. DNA sequencer (Pharmacia).from the virus producing-culture was used as wild-type
F-MuLV. PVC211-producing normal rat kidney cells (NRK)
DNA transfectionwere provided by Dr. K. Kai (Yamaguchi University, Yama-
guchi Japan). NIH3T3 cells were infected with the super- NIH3T3 or C6 cells (3 1 104) were seeded in 35-mm
natants of these cells and the supernatants of virus-pro- tissue culture dishes. Plasmid DNAs containing viral ge-
ducing cultures were used in the present studies. The nome (4 mg) were digested with EcoRI, multimerized by
infectivity of the virus in CNS cells in vitro was deter- ligation using T4 DNA ligase for 30 min at 167, and precip-
mined in the rat glial cell line, F10 (Wekerle et al., 1987; itated with ethanol. DNA was transfected by calcium
Sun et al., 1993). Viral titers were determined by XC cell phosphate coprecipitation (Davis et al., 1986). After 7
plaque assay on C182 cells in the presence of 10 mg of days, the biological activities of DNA clones were deter-
Polybrene per milliliter (Rowe et al., 1970). All cells except mined by measuring reverse transcriptase activities.
C182 were grown on Dulbecco’s modified Eagle’s me- NIH3T3 cells were infected with supernatants of the
dium containing 10% fetal calf serum. C182 cells were transfected cells and virus infection was studied in the
grown on minimum essential medium supplemented with supernatants of virus-producing cell cultures.
10% calf serum. Reverse transcriptase activities of vi-
ruses were measured as described (Takase-Yoden and Construction of chimeric virus genome
Watanabe, 1994).
Chimeric viruses were prepared between the neuro-
pathogenic FrC6 clone A8 and the nonneuropathogenic
Animals clone 57 virus (Fig. 5). Clone 57 DNA was originally
cloned at the EcoRI site of pBR322 (Oliff et al., 1980)The ability of viruses to cause neurodegenerative dis-
and recloned into pBluescript (Stratagene) for these ex-ease was assessed by using newborn Lewis and Fischer
periments. Clone A8 DNA was also cloned into pBlue-rats, as well as 3-week-old Lewis rats, purchased from
script at the EcoRI site. To construct Rec1, the ClaI –a commercial breeder. Newborn rats were intraperitone-
EcoRI fragment containing LTR and the gag gene wasally inoculated with 0.1 ml and intracerebrally with 0.005
replaced by the corresponding fragment of clone 57ml of viral supernatant and then observed for signs of
DNA. To construct Rec2, the EcoRI – ClaI fragment con-neurological disease for 6 weeks to 6 months. Titers of
taining the pol and env genes was replaced with theinoculated virus are described in the figure legends.
corresponding fragment of clone 57 DNA. To constructAfter exanguination, brains, spinal cords, and thymus
Rec3, the SphI – EcoRI fragment was replaced with thewere homogenized in cold phosphate-buffered saline
corresponding fragment of clone 57 DNA. To construct(PBS) containing 1 mM MgCl2 and 1 mM CaCl2 , and
Rec5, the EcoRI – SphI fragment of clone 57 was ligatedinfectious virus titers were determined by the XC cell
into the SphI – EcoRI fragment of Rec1. To constructplaque assay (Rowe et al., 1970).
Rec6, the EcoRI – SphI fragment of clone A8 was ligated
into the SphI – EcoRI fragment of Rec2. To construct
DNA analysis Rec7, the HindIII –HindIII fragment was replaced with
the corresponding fragment of clone 57 DNA. StructuresBasic recombinant DNA procedures such as plasmid
of chimerae were confirmed by digestion with the re-preparation, restriction endonuclease digestion, modi-
striction enzymes BamHI, DraI, KpnI, NcoI, PstI, andfying enzyme treatment, and hybridization were per-
PvuI, the cleavage sites for which are unique either toformed according to standard methods (Sambrook et al.,
clone A8 or to clone 57.1989).
Normal C6 cells were infected with biologically cloned
Histology
FrC6 virus. At 48 hr postinfection, extrachromosomal
DNA was extracted from the cells by differential salt pre- The brains and spinal cords of infected rats were im-
mersed in 4% paraformaldehyde buffered with 0.12 Mcipitation (Hirt, 1967) with some modifications (Takase-
Yoden and Watanabe, 1994). The DNA was digested with phosphate (pH 7.3) and fixed. Some infected rats were
perfused with 4% paraformaldehyde in 0.12 M phosphateEcoRI and applied onto a 10–40% sucrose gradient in
PBS. After ultracentrifugation at 207, 18 hr at 25 K rpm buffer (pH 7.3). The tissues were embedded in paraffin
for histological staining with hematoxylin and eosin andusing an SW41 rotor (Beckman), each fraction was South-
ern blotted and fractions containing full-length linear viral luxol-fast blue. Paraffin sections were also used for im-
munohistochemical studies. Epon-embedded materialsDNA were identified. The DNA in these fractions was
purified and ligated to the EcoRI-digested lZAP phage were prepared from the tissues fixed with 2% glutaralde-
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hyde in the phosphate buffer by perfusion followed by
postfixation with osmium tetroxide. Ultrathin sections
were counterstained with uranyl acetate and lead ace-
tate, and photographed using a JEM-1200EXII (JEOL). Vi-
ral antigen was detected with 10 mg/ml purified mono-
clonal antibody 85-1 (Ikeda et al., 1995) followed by bio-
tinylated sheep anti-mouse IgG (Amersham) and then
with avidin–peroxidase complex (Wako). Between each
step, the glass slides were washed with PBS. For the
peroxidase reaction, 0.1 mg/ml 3,3*-diaminobzenzidine
tetrahydrochloride (DOTIDE) in 0.1 M Tris buffer (pH 7.6)
was used. Normal mouse serum used instead of the
monoclonal antibody served as a control.
Nucleotide sequence accession number
The DDBJ, EMBL, and GenBank Accession No. of the
sequences in this paper is D88386.
RESULTS
Molecular cloning of an infectious DNA of FrC6 MuLV
Extrachromosomal DNA was extracted 48 hr after in-
fection of the glial cell line C6 with FrC6 virus, once the
presence of a single EcoRI endonuclease restriction site
in the proviral DNA was confirmed by hybridization (data
not shown). The DNA was digested with EcoRI and li-
gated to the EcoRI-digested lZAP phage vector. The ex-
trachromosomal DNA library was screened using a 57
virus whole-genome probe. Ten positive clones were ran-
domly selected and after two or three rounds of plaque
purification, the Bluescript plasmid containing insert was
excised from positive lZAP phage. Six of these clones
were of the correct size according to restriction mapping.
FIG. 1. Kinetics of virus growth in tissues of rats infected with theThe viral inserts were excised from the plasmid by
A8 and 57 virus. Newborn rats were infected with the A8 (1.7 1 106EcoRI digestion, multimerized by ligation, and trans-
XC-PFU/rat, except 2/5 brain samples pi 5 weeks and 3/5 brain samplesfected into C6 cells. After 7 days, the biological activity
pi 8 weeks: 2.8 1 105/rat) or 57 virus (4.2 1 104 XC-PFU/rat except 1/
of each clone was determined by measuring the reverse 4 brain and thymus samples pi 5 weeks, 2/4 brain samples pi 8 weeks,
transcriptase activity. Two of three clones were biologi- and 2/6 thymus samples pi 8 weeks: 1.81 104 XC-PFU/rat) (A), 3-week-
old rats were infected with the A8 (3.8 1 105 XC-PFU/rat) or 57 viruscally active and one of these, designated A8, was applied
(4.2 1 104 XC-PFU/rat) (B), intraperitoneally and intracerebrally. Afterto subsequent experiments.
exanguination, virus titers in the thymus and brain were determined
by XC plaque assay at 1, 3, 5, and 8 weeks after infection. Means andReplication and pathogenicity of FrC6 MuLV clone A8
SEM are indicated. The numerals enclosed in parentheses represent
in rats the number of rats. Where a bar is not seen, the SEM was less than
the range of the point.To investigate the level of replication and pathogenicity
in vivo, we injected the A8 virus into newborn or 3-week-
old Lewis rats. Brains and thymus were homogenized biologically cloned FrC6 virus when injected into new-
born Lewis rats. Pathological changes in the CNS of ratsafter exanguination and infectious virus titers were deter-
mined. When inoculated into newborn rats, A8 or 57 was infected with A8 consisted of spongiform degeneration
without cell infiltration (Figs. 2B, 2C, 2D, and 2F). Therecovered from the brain at similar titers at 1 week postin-
fection (Fig. 1A). At 8 weeks postinfection, the virus recov- lesions caused by A8 were most prominent in the brain
stem and the thalamus, where over 100 vacuoles formedery of A8 in the brain and the thymus was 1000- and
300-fold higher than that of 57, respectively. When inocu- clusters (Figs. 2C and 2D). These clusters often occupied
more than 30% of the brain stem (///// lesion in thelated into 3-week-old rats, A8 was recovered from brain
and thymus, but 57 did not show detectable proliferation Table 1). In the brain cortex, the vacuolar changes were
moderate. Small clusters usually consisted of 10 to 20(Fig. 1B).
The A8 virus caused neurological disease as did the scattered vacuoles (Fig. 2B). The lesions in the spinal
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FIG. 2. Spongiosis induced by infection with the A8 and PVC211 virus. Paraffin sections were prepared from the tissues of rats infected with the
A8 (B, C, D, F) or PVC211 virus (A, E). (A) No lesion (0), in the brain cortex of a Fischer rat infected with PVC211. (B) Clusters of vacuoles, forming
mild spongiform lesions in brain cortex (arrowhead). Each cluster contains 20–100 vacuoles. This lesion, which can be observed in one field by
using the light microscopic subjective lens at 110 magnification (field (110)), represents the // described in the legend to Table 1. (C) Sagittal
section of pons and cerebellum (right side). More than 100 vacuoles composing a distinct spongiform extend within one field (110). This lesion
represents///. In the cerebellum, a// lesion is evident (arrow). (D) Higher magnification of the /// lesion in C. (E) Fields (110) with spongiform
lesions composed of over 100 vacuoles occupy over 30% of the total area of the spinal cord. Representative of ///// lesion. (F) Less than 20
vacuoles (arrowhead) are located in the section of the spinal cord of the rat infected with the A8 virus. Representative of / lesion. This animal
exhibited a /// lesion in thalamus. Abbreviations: PVC211, tissue from a rat infected with PVC211 virus; A8, tissue from a rat infected with A8
virus. Bars indicate 100 mm (D, E, F) and 250 mm (A, B, C).
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TABLE 1
Topographical Distribution of Spongiform Lesions in the CNS of the Rats Infected with A8 and PVC211 Viruses
Spongiform lesionsb Virus recoveryc (XC-PFU/g)
Inoculateda Weeks Brain Spinal Spinal
with postinfection Cortex Thalamus Cerebellum stem cord Brain cord
A8 4.6 // //// / ///// /
5.1 // /// / // / 5.0 1 104 1.5 1 105
5.1 // // / // / 5.8 1 104 1.0 1 105
6.4 // //// // //// /
6.4 // /// // //// /
6.4 // /// // //// /
6.4 // //// // //// /
6.4 // /// / // /
6.6 // /// / // / 2.5 1 105 4.4 1 105
6.9 // /// / /// / 3.0 1 104 5.3 1 104
7.6 // // // // / 3.4 1 104 9.0 1 104
8.0 // /// / // / 5.0 1 105 6.0 1 105
8.0 // /// / /// / 6.7 1 104 1.0 1 105
10.0 // /// /// ///// //
PVC211 3.7 // /// / ///// //
4.7 // // / ///// // 3.3 1 104 7.0 1 104
4.7 / // /// ///// //
4.9 // /// /// ///// //
4.9 // /// /// ///// // 3.7 1 104 7.2 1 104
4.9 // / /// ///// ///
4.9 // / /// /// //
5.3 // /// // /// // 3.7 1 104 5.3 1 104
5.3 / // / // //
8.0 / / // ///// /// 1.3 1 104 4.8 1 104
8.1 // /// / ///// //
8.4 // /// // ///// //
a New born Lewis rats were inoculated with the A8 (2.8–3.8 1 105 XC-PFU/rat except pi 10 weeks: 1.7 1 106 XC-PFU/rat) or PVC211 virus (2.4
1 104 XC-PFU/rat), intraperitoneally and intracerebrally.
b 0, No lesion; /, less than 20 vacuoles in the total area; //, at 110 magnification (field (110)), 20 to 100 vacuoles counted in the field; ///,
clusters consisting of over 100 vacuoles spread within one field (110); ////, clusters consisting of over 100 vacuoles scattered over 2 fields
(110); /////, clusters of vacuoles occupy over 30% of the total area.
c Virus recovery was determined by XC plaque assay as described under Materials and Methods.
cord were rather obscure. Solitary, small vacuoles ap- PVC211 were within the range of 4.8 1 104 –6.0 1 105
XC-PFU/ml (Table 1). In each rat infected with these vi-peared without clusters, so only higher magnification
ruses, the virus titer in the spinal cord was about doublecould distinguish them from artifacts produced by sam-
that in the brain (Table 2). In the A8 virus-infected ratple preparation (Fig. 2F and / lesion in Table 1). In
brain, viral antigens were mainly detected in the wallscontrast, PVC211 induced distinct spongiform lesions in
of blood vessels (Fig. 3). Electron microscopy revealedthe spinal cord with moderate clusters, usually con-
neuropil vacuolation in the lesions (Fig. 4). When injectedsisting of 40–100 vacuoles (Table 1). Occasionally, inten-
into 3-week-old rats, neither A8 nor 57 virus caused neu-sive spongiform lesions spread to nearly half of the spinal
ropathological changes (data not shown).cord (Fig. 2E). Statistical comparison proved that the in-
tensity of lesions in the spinal cord induced by A8 virus
Mapping of A8 virus gene responsible forinfection was weaker than that induced by PVC211 virus
neurovirulence and virus titers in CNSinfection, using the ratio of that in the thalamus (Table 2).
Differences in Lewis and Fischer strains did not induce a To determine which sequences of A8 virus are respon-
significant shift in the distribution of the lesion (Table 2). sible for inducing neurological disease, we constructed
The pathological involvement of the spinal cord in the chimerae between A8 and 57 and injected them into
infected rats was manifested by clinical signs. Almost all newborn Lewis rats. As shown in Fig. 5, Rec7, which
rats infected with PVC211 showed hind-leg paralysis (11/ contains the 4.1-kb HindIII– HindIII fragment of the 57
12), whereas A8 virus infection caused hind-leg paralysis virus on a background of the A8 virus, caused the same
or weakness only in half of the animals (11/21). The virus spongiform degeneration in the CNS of rats as A8. There-
fore, the 4.1-kb HindIII– HindIII fragment of the A8 virus,titers in the spinal cords of rats infected with A8 or
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TABLE 2 than that of 57 and Rec5. Accordingly, a determinant for
high level viral replication in the rat resides within theRatio of Intensity of the Lesions and Viral Recovery
ClaI–HindIII fragment of the A8 virus.in Spinal Cord and Brain
Spongiform lesionb Viral recoveryc Viral replication of A8, 57, and chimeric viruses in
Virus Rat a (spinal cord/thalamus) (spinal cord/brain) glial cell lines
A8 Lewis 0.36 { 0.03 (14)* 1.94 { 0.24 (7) To determine whether or not the A8 virus retained the
Fischer 0.25 { 0.25 (4)** NT same ability as the FrC6 virus to replicate in cultured
PVC211 Lewis 1.25 { 0.26 (12)d 2.30 { 0.49 (4)e
glial cell lines, we inoculated A8 and 57 viruses intoFischer 1.72 { 0.43 (11) 2.04 { 0.82 (4)
the glial cell line F10 and measured viral production. As
shown in Fig. 5, A8 replicated in glial cells. In contrast,a New born Lewis and Fischer rats were intraperitoneally and intra-
cerebrally inoculated with the A8 (Lewis rat, as described in Table 1; 57 was not very infective in F10 cells, but in NIH3T3 cells,
Fischer rat, 1.7 1 106 XC-PFU/rat) or PVC211 virus (2.4 1 104 XC-PFU/ both 57 and A8 proliferated with a titer of 2–6 1 105 XC-
rat).
PFU/ml (data not shown).b,c The symbol (/) indicating the intensity of neuropathologic lesions
To determine which sequences of the A8 virus areand virus titers recovered from the tissues of infected animals shown
responsible for replication in F10 cells, we inoculatedin Table 1 except for Fisher rats, is substituted by numbers for statistical
comparison. The amount of virus recovered from spinal cords and chimeric A8 and 57 viruses into cultured-glial cells. All
brains of PVC211-virus infected Fischer rat was 5.5 1 103 –2.5 1 104 viruses proliferated well in NIH3T3 cells with a titer of
and 2.7 1 103 –2.3 1 104 XC/PFU/g, respectively. In each animal, num-
105 –106 XC-PFU/ml (data not shown). As shown in Fig.bers of (/) and virus titers in the spinal cord were divided by the
numbers of (/) and the virus titer in the brain, respectively.
d Difference is not significant compared to PVC211-infected Fischer
rat.
e Difference is not significant compared to A8-infected Lewis rat or
PVC211-infected Fischer rat.
* P 0.01 vs PVC211-infected Lewis rat. Difference is not significant
compared to A8-infected Fischer rat.
** P  0.02 vs PVC211-infected Fischer rat.
which contains the gag gene, except for 0.2 kb of the 5*
terminus of the gag coding region, and the pol gene,
except for 0.8 kb of the 3* terminus of the pol coding
region, does not include the unique sequence that
causes neurodegenerative disease. Rec2, which con-
tains the 4.9-kb EcoRI– ClaI fragment of the 57 virus and
Rec6, which contains the 2.6-kb SphI–ClaI fragment of
57 on a background of A8 caused very slight, if any,
neurodegenerative disease. In the 75-bp HindIII–SphI
fragment containing the 3* terminus of the pol coding
region, no amino acid substitutions were found (data not
shown). Therefore, the SphI–ClaI fragment of the A8 virus
containing the 0.7-kb 3* terminus of the pol gene and the
env gene except for the 0.1-kb 3* terminal p15E region,
is essential for neurodegenerative disease. Rec5 failed
to induce spongiform degeneration within 6–9 weeks
postinfection, although the animals remained infected
with Rec5 for 17–20 weeks postinfection. Therefore, the
additional determinant for neurological disease resides
within the 1.5-kb ClaI– HindIII fragment of the A8 virus
containing LTR, 5* leader sequence, and the 0.26-kb 5*
terminal gag region.
FIG. 3. Immunohistochemistry to detect A8 viral antigen in the CNS.The A8 virus, and Rec2, Rec6, and Rec7, which have
(A) Using the monoclonal antibody, Mab 85-1, A8 viral envelope proteinthe 1.5-kb ClaI– HindIII fragment of A8, replicated with
was detected mainly in the walls of blood vessels (arrow) in the thala-high titers in the rat brain, while the 57 virus and Rec5,
mus of Lewis rat infected with the A8 virus. A small cluster of vacuoles
which has the ClaI– HindIII fragment of 57, proliferated is seen adjacent to the antigen-positive blood vessel (arrowhead). (B)
at low efficiency (Fig. 5). In the thymus of infected rats, In uninfected rat CNS, viral antigen was not detected. Bars indicate
100 mm.viral recovery of A8, Rec2, Rec6, and Rec7 was higher
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FIG. 4. Electron micrograph of the thalamus from a rat infected with the A8 virus. (A) Most of the vacuoles are surrounded by a membranous
structure and contain no cell structures that indicate the origin of vacuolations. Enlarged axons (arrow) are situated near the vacuolations. Bar
indicates 1 mm. (B) Occasional degenerative postsynaptic dendrites are evident. Note the structure of the synaptic junction (arrow). Bar indicates
100 nm.
5, Rec2, Rec6, and Rec7, which contain a ClaI–HindIII Rec3, and Rec5, which contain the ClaI–HindIII fragment
of the 57 virus, replicated at low efficiency in F10 cells.fragment of the A8 virus, proliferated in glial cells almost
to the same level as the complete virus. In contrast, Rec1, Therefore, the LTR, 5* leader region and 0.26-kb 5* termi-
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FIG. 5. Structure, pathogenicity, and ability of replication in rat tissue and cultured-glial cells of A8, 57, and derived recombinant viruses. The
viral genomes are represented in their nonpermutated form, flanked at their ends by the LTR sequence. In recombinant viral genomes, solid regions
are sequences derived from the A8 virus and open regions are sequences derived from the 57 virus. Each viral DNA was transfected to NIH3T3
or C6 cells. The viral preparations used for virus-infection studies were obtained from NIH3T3 cells infected with the supernatants of the transfected
cells. Viruses were inoculated intraperitoneally and intracerebrally into newborn Lewis rats (A8: 6 rats, 2.8 1 105; 8 rats, 3.8 1 105; or 1 rat, 1.7 1
106 XC-PFU/rat. Rec7: 2.4 1 106 XC-PFU/rat. Rec6: 4 rats, 2.1 1 105 or 11 rats, 2.0 1 106 XC-PFU/rat. Rec2: 3.8 1 106 XC-PFU/rat. Rec5: 8 rats, 4.6
1 103 or 2 rats, 1.1 1 105 XC-PFU/rat. 57: 3 rats, 1.8 1 104 or 15 rats, 9.3 1 104 XC-PFU/rat). Six to 9 weeks later, neurodegeneration in the CNS
and virus recovery were determined. Means and SEM are indicated. The numerals enclosed in parentheses represent numbers of rats. Asterisk
(*) indicates only 6 vacuoles in the rat pons infected with 4.6 1 103 XC-PFU/rat. Rat cultured-glial cells (F10) were also inoculated with virus at a
m.o.i. of 0.1 or 1. After 4 days of culture, virus production was determined by XC plaque assay. Means (n  3) are indicated.
nal gag region of the A8 virus is responsible for its repli- DISCUSSION
cation efficiency in F10 cells. The A8 virus, which was molecularly cloned from a
variant of F-MuLV, FrC6, induced neuropathogenic dis-
ease in rats and proliferated in cultured rat glial cellsSequence analysis of the env gene of the A8 virus
(F10) with a high titer. PVC211, which is also a neuropa-
thogenic virus derived from F-MuLV (Kai and Furuta,Since the data from the chimeric virus infection indi-
cated that the SphI– ClaI fragment containing the env 1984) induces similar spongiform degeneration in the
CNS. Hoffman et al. (1992) reported that these lesionsgene is essential for neurological disease, we deter-
mined the nucleotide sequence of this fragment and were most severe in the spinal cord, brain stem, and
cerebellum. In the present study, spongiform degenera-compared it with that of the 57 virus. The 0.7-kb 3* termi-
nal pol region of A8, which is included in the 2.6-kb SphI– tion was also apparent in the spinal cord of the PVC211
infected rat. In the spinal cord of A8 virus-infected rats,ClaI fragment, differed from that of 57 at 11 nucleotides,
and the carboxy terminus of the pol gene product has spongiform lesions were weakly apparent (Fig. 2F, Ta-
bles 1 and 2). Both A8 and PVC211 viruses replicated intwo amino acid changes, Lys and Ser, in the A8 virus
versus Arg and Ala in the 57 virus, respectively. The env the spinal cord at titers of 4.8 1 104 –6.0 1 105 XC-PFU/
g, which were double that in the brain of each rat (Tablesgene of A8 and 57 viruses differed by 51 nucleotides,
resulting in 1 amino acid change in the signal peptide, 1 and 2). The ratios of the virus titers in spinal cord
and brain of PVC211 virus-infected rats were comparable24 amino acid changes in the gp70 protein, and 1 extra
amino acid in the carboxy terminus of p15E protein (Table with those reported by Kai and Furuta (1984). These re-
sults indicate that in spinal cord, there is no direct corre-3). When the env gene of the A8 virus was compared
with that of PVC211 clone 3d, which is a neuropathogenic lation between the titer of virus and the intensity of spon-
giform lesions.variant of F-MuLV (Masuda et al., 1992), the env product
had three amino acid changes, Val-35, Ser-118, and Glu- We constructed a series of chimerae between the A8
virus and wild-type F-MuLV clone 57, which did not cause163 in the A8 virus versus Ala-35, Ala-118, and Lys-163
in PVC211 clone 3d (Table 3, shadowed boxes). disease and replicated at low efficiency in rat brain and
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TABLE 3 whereas both viruses did not, or scarcely induced spon-
giform degeneration in infected rats (Fig. 5). Therefore,Comparison of Amino Acids in the env Gene Products
the ClaI–HindIII fragment of the A8 virus is sufficient forof A8, 57, and PVC211 Virusesa
high titer of the virus in the brain but is not sufficient to
Amino acid induce neuropathogenicity. Here again, the discrepancy
Structural of viral proliferation and neuropathogenicity was indi-
Positionb A8 57 PVC211 element c
cated.
However, a high level of viral proliferation seems to7 Ser Pro Ser
35 Val Ala Ala be necessary, if not sufficient, to induce spongiform de-
74 Asp Val Asp generation in the CNS. Rec5, having the SphI–ClaI frag-
95 Arg Gln Arg ment of the A8 virus on a background of the 57 virus,
113 Asn Ser Asn Element I
did not induce spongiform degeneration in the CNS.114 Arg Ser Arg Element I
Since the level of recovery of Rec5 from the rat brain was118 Ser Ser Ala Element I
150 Gly Glu Gly Hinge lower, the amount of env protein might not be sufficient to
163 Glu Glu Lys Element II induce spongiform degeneration. In a transgenic model
186 Ala Val Ala carrying the env gene and LTR of the Cas-Br-E MuLV, a
206 Asn Ser Asn
spongiform change and astrogliosis consistent with the209 Ala Val Ala
natural disease appeared after an extended period in the237 Ile Thr Ile
250 Gln Arg Gln absence of viral replication (Kay et al., 1993). However, in
261 Lys Arg Lys this transgenic mouse, the lesions were mild and the
283 Phe Leu Phe level of env expression, that was promoted by LTR, was
285 Leu Arg Leu
low. Recent work revealed that expression of the env297 Ser Pro Ser
protein of the Cas-Br-E MuLV is not sufficient to induce311 Ala Thr Ala
353 Ala Gly Ala spongiform neurodegeneration in vivo (Lynch et al.,
378 Ala Val Ala 1996). These findings indicate that the viral genes other
379 Gly Ala Gly than env also contribute to the neuropathogenicity.
392 Gln Arg Gln
The U3 region of the LTR in other viruses is an im-413 Thr Ile Thr
portant determinant of target cell and disease specificity414 Gly Asp Gly
424 Ala Thr Ala (Wiley and Gardner, 1993). Paquette et al. (1990) reported
427 Met Thr Met that the substitution of the U3 LTR affects the distribution
676 Gln End Gln of lesions. After replacing the LTR of Cas-Br-E MuLV with
that of ts-Mo BA1 MuLV, the spongiform degeneration ina Amino acid sequences of the env product of A8, 57, and PVC211
the deep cerebellar nuclei and the spinal cord appearedvirus were deduced from the nucleotide sequences and compared.
Shadowed boxes indicate amino acids that differ between A8 and to be more severe. The construction of the nuclear-factor
PVC211 viruses. Unique amino acids in neuropathogenic viruses are binding sites in the U3 region of A8-LTR (manuscript in
underlined. Open boxes indicate the amino acids responsible for cell preparation) differed from that of 57-LTR (Manley et al.,
tropism (Masuda et al., 1996).
1989) or PVC211 virus (Masuda et al., 1992). Differencesb The amino-terminal methionine of the envelope protein precursor
in the U3 region between A8 and PVC211 may be respon-is numbered 1. Positions 1 to 34, leader peptide; 35 to 479, gp70; 480
to 676, p15E. sible for the distribution of lesions in the CNS.
c Structural elements are described by Linder et al. (1994). A 5* leader sequence is located between the primer-
binding site and the beginning of gag, and contains a
donor site for the generation of spliced subgenomic
F10 cells (Figs. 1 and 5). We then examined the biological mRNA and the packaging signal for the incorporation of
activities of these viruses, to define the gene(s) responsi- genome RNA into virions. This region also contains the
ble for the neuropathogenicity and/or virus titers. Rec7, internal ribosomal entry mechanism that promotes the
which has both the SphI–ClaI fragment containing the translation of gag polyprotein precursors (Berlioz and
env gene and the ClaI– HindIII fragment containing the Darlix, 1995). The 5* leader sequence of the A8 virus
LTR and the 5* leader sequence of the A8 virus, induced contains 24 nucleotide mutations relative to the 57 virus
neuropathogenicity, whereas Rec2, Rec5, and Rec6, (manuscript in preparation). Masuda et al. (1993) and
which have either the SphI–ClaI fragment or the ClaI – Czub et al. (1992) reported that the 5* leader sequence
HindIII fragment of the A8 virus, did not (Fig. 5). These is related to a shorter onset of neurological signs. There-
results indicate that the determinants of spongiform de- fore, it is possible that these differences in nucleotides
generation in the CNS of infected rats reside within these are important for neuropathogenicity.
two fragments of the A8 virus. Rec2 and Rec6 proliferated When the A8 virus was inoculated into 3-week-old rats,
in rats (Fig. 5). Furthermore, these viruses were recov- typical neurological changes were not evident in the
ered from the brain as was Rec7, with titers of 6.4 { 6.2 brain, although viral recovery from the brain at 8 weeks
postinfection was comparable (8.4 { 3.2 1 104 XC-PFU/1 106 and 1.6 { 0.9 1 105 XC-PFU/g, respectively,
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g) to that from the brain when inoculated into newborn of the gp70 molecule and thought to play an essential
role in receptor binding (Linder et al., 1994; Masuda etrats (2.1 { 0.9 1 105 XC-PFU/g) (Figs. 1A and 1B). Not
only did this finding reconfirm the discrepancy between al., 1996). Asn-113, Arg-114, and Ser-118 of A8-env are
located within structural element I (Table 3). Comparedvirus titers and pathogenicity, it also indicates that the A8
virus induces pathogenic effects upon developing brain with 57-env, Asn-113 and Arg-114 differ, but Ser-118 is
common. Asn-113 and Arg-114 of A8-env are the sametissue. Brooks et al. (1981) speculated that age-related
changes in the cell surface of astrocytes may influence as those of PVC211-env, suggesting that the two are
crucial for neuropathogenicity mediated by receptor-the course of neurotropic retrovirus infection in these
cells. However, Lynch et al. (1995) indicated that the binding. Although A8 and PVC211 caused similar spongi-
form degeneration in rat CNS, differences in the distribu-developmental resistance of the CNS to infection of
FrCasE lies at the postnatal change of the blood–brain tion of the lesions in the CNS were observed (Table 1).
The env gene of these viruses is essential for neuroviru-barrier, resulting in age-dependent resistance to disease
expression, since this resistance can be bypassed by lence (Fig. 5). Relative to the gp70 protein, three amino
acid differences were found (Table 3). Of these aminodirectly introducing virus-infected cells into the brain.
The viruses that proliferated at low efficiency in F10 acids, Ser-118 and Glu-163 of A8-env are localized in
structural elements I and II of the gp70 protein, respec-cells, such as the 57 virus, Rec1, Rec3, and Rec5, did
not cause neuropathogenicity in infected rats (Fig. 5). tively. These differences in amino acids may cause the
different interaction with molecule(s) responsible forTherefore, effective viral proliferation in F10 cells is a
necessary condition for neuropathogenicity. The viruses brain function and induce various intensities of spongi-
form lesions. In HIV infection, it was reported that thethat replicated efficiently in F10 cells, such as the A8
virus, Rec2, Rec6, and Rec7, also recovered with high gp120 glycoprotein or its fragment competes with vaso-
active intestinal polypeptide (VIP) on neuronal cells, andtiters from rat brains. These findings imply that viral repli-
cation in F10 cells is a useful indicator with which to neuronal injury arises through increases in the intracellu-
lar Ca2/ concentration mediated by the NMDA receptorscreen the neuropathogenicity in vivo of viral variants.
Our studies indicate that not only a high level of viral (Lipton, 1992).
The PVC211 virus effectively infects rat brain capillaryproduction in the brain, but also expression of the env
protein of the A8 virus is necessary to cause neuropatho- endothelial cells (Hoffman et al., 1992), and this tropism
correlates with the neuropathogenicity of PVC211 (Ma-logical changes. The SphI–ClaI fragment of the A8 virus
contains the 3* terminal pol and env gene except for the suda et al., 1993). Our neuropathogenic isolate also had
affinity for the vascular wall (Fig. 3). Masuda et al. (1996)3* terminus of the p15E coding region. Although in this
fragment, nucleotide mutations in the carboxy terminus reported that Gly-150, which is surrounded by preferen-
tial proteolytic sites (Linder et al., 1994), and Lys-163,of the pol product and in the signal peptide of the env
gene product, compared with the corresponding region which is localized in structural element II, are responsi-
ble for this endothelial cell tropism mediated by gp70-of 57 virus, caused changes to two and one amino acid
(Table 3), respectively, these changes were relatively receptor interaction (Table 3, open box). Sequencing indi-
cated that compared with PVC211-env, Gly-150 of A8-conservative and minor compared with the variability of
these regions among ecotropic MuLVs. The p15E coding env is common, but Glu-163 of A8-env is not (Table 3).
Glu-163 of A8-env is the same as that of nonendothelialregion containing the SphI–ClaI fragment did not contain
any mutations that led to amino acid changes compared cell tropic 57 virus env (Masuda et al., 1993). These re-
sults indicate that Gly-150 is, at least in the env region,with the 57 virus. Therefore, it is most likely that one
of the determinants of spongiform degeneration resides important for endothelial cell tropism and neuropatho-
genicity.within the gp70 coding region of the env gene of the A8
virus. It has been postulated that four amino acids (Arg- The A8 virus was isolated from the same source as
PVC211 (Kai and Furuta, 1984), i.e., FLV complex pas-114, Lys-163, Ala-311, and Gly-379) of PVC211 clone 3d
are unique in neuropathogenic virus compared with eco- saged through mice (Odaka, 1973), but by a different
method (Watanabe and Takase-Yoden, 1995). Althoughtropic MuLVs (Masuda et al., 1992) such as F-MuLV clone
K-1 (Obata et al., 1984), F-MuLV clone FB29 (Perryman A8 and PVC 211 both proliferated in the CNS and caused
similar neurodegenerative diseases, these viruses re-et al., 1991), M-MuLV (Shinnick et al., 1981), and Akv
MuLV (Herr, 1984). In the present study, the same analy- sulted in different neuropathological manifestations in
terms of the distribution of lesions. In this paper, wesis showed that the A8 virus encodes three unique amino
acids (Arg-114, Ala-311, and Gly-379) in the gp70 protein proposed that the differences in the env gene and/or
LTR between A8 and PVC211 were responsible for the(Table 3, underlined). One of these amino acids (Gly-379)
is shared by neuropathogenic Cas-Br-E, while all three different lesional distribution in the CNS. Particularly, the
env gene was essential for induction of neurodegenera-are shared by PVC211 clone 3d. These results indicate
that Arg-114, Ala-311, and Gly-379 are important for neu- tion in both A8 and PVC211. The product of A8-env gene
differed by 3 amino acids (Val-35, Ser-118, Glu-163) com-ropathogenicity.
Structural element I and II is localized on the surface pared with PVC211. Analysis and comparison of these
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inducing virus and glycoprotein 71 from ecotropic Friend murineviruses should make it easier to focus in on the site
leukemia virus, as defined by disulfide-bonding pattern and limitedfor mutational analysis to determine the viral lesional
proteolysis. J. Virol. 68, 5133–5141.
tropism. Lipton, S. A. (1992). Models of neuronal injury in AIDS: Another role for
the NMDA receptor? Trends Neurosci. 15, 75–79.
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